Mitochondrial dysfunction is a hallmark of many neurodegenerative diseases, yet its precise role in disease pathology remains unclear. To examine this link directly, we subtly perturbed electron transport chain function in the Drosophila retina, creating a model of Leigh Syndrome, an early-onset neurodegenerative disorder. Using mutations that affect mitochondrial complex II, we demonstrate that mild disruptions of mitochondrial function have no effect on the initial stages of photoreceptor development, but cause degeneration of their synapses and cell bodies in late pupal and adult animals. In this model, synapse loss is caused by reactive oxygen species (ROS) production, not energy depletion, as ATP levels are normal in mutant photoreceptors, and both pharmacological and targeted genetic manipulations that reduce ROS levels prevent synapse degeneration. Intriguingly, these manipulations of ROS uncouple synaptic effects from degenerative changes in the cell body, suggesting that mitochondrial dysfunction activates two genetically separable processes, one that induces morphological changes in the cell body, and another that causes synapse loss. Finally, by blocking mitochondrial trafficking into the axon using a mutation affecting a mitochondrial transport complex, we find that ROS action restricted to the cell body is sufficient to cause synaptic degeneration, demonstrating that ROS need not act locally at the synapse. Thus, alterations in electron transport chain function explain many of the neurodegenerative changes seen in both early-and late-onset disorders.
INTRODUCTION
Defining the molecular mechanisms underlying synapse loss presents a crucial challenge to understanding the pathology of many neurodegenerative diseases. Recent studies have linked mitochondrial dysfunction to a number of adult-onset disorders, including Amyotrophic lateral sclerosis, Parkinson's disease, Alzheimer's disease and Huntington's disease (reviewed by Lin and Beal, 2006) . By contrast, mutations that directly affect mitochondrial metabolism cause early-onset neurodegeneration in a number of developmental disorders, including Leigh Syndrome, Leber's hereditary optic neuropathy and Kearns-Sayre Syndrome (reviewed by Vogel, 2001 ). In Leigh Syndrome, for example, patients are apparently normal at birth, but become broadly ataxic, display nystagmus and spasticity over the first few months of life, and ultimately die during childhood (Leigh, 1951) . These behavioral deficits are associated with lesions in several sub-cortical structures, as well as optic atrophy (Leigh, 1951) . However, no animal model that recapitulates the neurodegenerative changes associated with these early-onset diseases has been described, and the molecular mechanisms that would link mitochondrial dysfunction to degeneration are incompletely understood. Here, we establish an animal model of Leigh Syndrome in Drosophila photoreceptors.
The fly visual system is a powerful model for understanding neurodevelopment, and for defining the mechanisms that underlie human neurodegenerative diseases (reviewed by Marsh and Thompson, 2006; Clandinin and Zipursky, 2002) . In particular, the synaptic connections between photoreceptor axon terminals and their post-synaptic targets have been described using both light and electron microscopy, and many molecular components of the synapse have been identified (Prokop and Meinertzhagen, 2006; Hiesinger et al., 2005; Zinsmaier et al., 1994) . In addition, Drosophila photoreceptors faithfully recapitulate cellular pathologies associated with Parkinson's disease and polyglutamine repeat diseases like Huntington's disease, and have provided a powerful platform for examining the genetic interactions that influence disease progression (Greene et al., 2003; Jackson et al., 1998) . Finally, the Drosophila retina has also been used to examine the molecular mechanisms that regulate mitochondrial trafficking and activity, and thus provides a wealth of reagents for examining mitochondrial function (Stowers et al., 2002; Gorska-Andrzejak et al., 2003; Mandal et al., 2005) . Here, we demonstrate that mild disruption of mitochondrial function is sufficient to induce degeneration in Drosophila photoreceptors, and we define the molecular mechanisms necessary and sufficient for synapse loss in this context.
MATERIALS AND METHODS

Genetics
Fly stocks were maintained on standard media, at 25°C. Chemical mutagenesis was performed using ethylmethanesulfonate under standard conditions (Ashburner, 1989; Grigliatti, 1986; Clandinin et al., 2001) . Optomotor assays were conducted as previously described (Clandinin et al., 2001 ). To generate flies in which retinas were almost completely homozygous for SdhA, while the rest of the fly was heterozygous, we used the FLP/FRT system, expressing the FLP recombinase under the control of two different eyeless promoters, paired with a recessive cell lethal (Newsome et al., 2000; Chotard et al., 2005) . A similar strategy, replacing the cell-lethal chromosome with one bearing GFP under the control of the eye-specific GMR promoter (Chang et al., 2002) , was used to generate negatively marked clones. To generate retinas both homozygous for SdhA and expressing CuZnSOD, we incorporated an Act5a FRT STOP FRT CuZnSOD flip-out transgene (Sun and Tower, 1999; Sun et al., 2002) . To generate retinas homozygous for both SdhA and Miro, we generated stocks Reactive oxygen species act remotely to cause synapse loss in a Drosophila model of developmental mitochondrial encephalopathy that contained both mutations on FRT chromosomes (and a corresponding control stock), a stock that contained two appropriate cell lethals, and a FLP source (under the control of the eyeless promoter). 
Histology
Fly retinas and brains were dissected, fixed and stained as described (Clandinin, et al., 2001) . We visualized all photoreceptor (R) cells using the monoclonal antibody mAb24B10 αchaoptin at 1:50, synaptic vesicles using mAb1G12 αCysteine String Protein at 1:10 and active zones with mAbnc82 at 1:50 [all from the Developmental Studies Hybridoma Bank (DSHB) at the University of Iowa]. We visualized mitochondria with the monoclonal antibody MS507 αComplex V at 1:500 (Mitosciences). Third instar larval eye discs were assessed in whole mount using mAb24B10 (1:50) and αBar (1:100) (Higashijima et al., 1992) . Third instar optic lobe development was assessed using mAb24B10 (1:50), Rat αelaV (DSHB; 1:100), Goat αHRP-FITC (1:100; Jackson ImmunoResearch) and mouse αRepo (1:100; DSHB). Secondary antibodies were obtained from Invitrogen. Fluorescence images were collected on a Leica TCS SP2 AOBS confocal microscope, visualized using Imaris (Bitplane), and mounted using Adobe Photoshop. Quantification of CSP staining was performed by selecting the entire lamina as a region of interest in a single section, thresholding the signal, and measuring the fraction of the region [ImageJ (NIH)]. TUNEL staining was performed as described (Bilen et al., 2006) . Staining of activated Drice was performed as described (Yoo et al., 2002) . SDH activity was assessed in whole-mount third instar larval eye discs made homozygous for either SdhA or a control chromosome. Eye discs were stained by using the activity assay described by Pearse (Pearse, 1972) . Sections from adult fly retinas were prepared as described (Sullivan et al., 2000) . Transmission electron microscopic analysis was performed as described, except that heads were mounted in Epon (Pesah et al., 2004) . Counts were made from three flies of each genotype, with 10-15 R cell terminals being analyzed per fly.
ATP assay
Retinas from somatic mosaic adult flies were dissected on ice, and assayed using a luciferin/luciferase-based ATP assay kit (Calbiochem). This dissection tears the retina along the fenestrated membrane at its base, and includes all of the R cell cell bodies, but excludes all brain tissue from the tissue preparation. In our hands, by using the FLP recombinase and celllethal combination, less than 1% of retinal tissue is not rendered homozygous. To normalize for differences in the amount of retinal tissue in each experimental sample, the amount of pigment in each specimen was measured at 280 nm using a spectrophotometer (Pharmacia), and compared against a standard curve containing different amounts of retinal tissue. The signal was corrected for non-specific absorbance by retinal tissue by subtracting the observed absorbance from that seen in the equivalent number of white mutant retinas. To determine the amount of ATP measured in each sample, we generated a standard curve using known quantities of ATP. To calculate the cellular concentration of ATP, we directly determined the mass of a large quantity of dissected adult retinas and calculated the volume based on an estimated specific gravity of 1.05. This measured volume was essentially identical to the volume of the retina, calculated based on its physical dimensions and geometry (data not shown).
Antioxidant treatment
Flies were raised on standard fly food treated with either 200 μg/ml alphatocopherol in ethanol, or ethanol alone. Adult flies were transferred to freshly treated food on the day of eclosion.
RESULTS
Isolation and molecular characterization of SdhA mutants Photoreceptors (R cells) form stereotyped synaptic connections with neurons in the first optic neuropil of the Drosophila visual system, the lamina (see Fig. S1 in the supplementary material) (Meinertzhagen and Hansen, 1993) . To identify genes involved in the formation and maintenance of this structure, we conducted a forward genetic screen based on a behavioral assay that depended on the ability of adult flies to respond to motion cues (Clandinin et al., 2001) . To identify genes whose loss-of-function phenotypes would otherwise be lethal, we conducted this screen in somatic mosaic animals in which only photoreceptor cells were made homozygous mutant, while the rest of the animal is heterozygous (Stowers et al., 1999; Newsome et al., 2000) . By using this approach, we identified two mutations in the succinate dehydrogenase flavoprotein subunit (SdhA, CG17246) of mitochondrial complex II, that we designated SdhA 1110 and SdhA
1404
. Two additional alleles, SdhA 5 and SdhA 7 were identified in separate forward genetic screen for the loss of complex II activity (Lawrence, 1981) . All four alleles were recessive lethal, with a lethal phase extending to the first larval stage. All four alleles failed to complement one another and a small deficiency, uncovering nine genes for this phenotype. Finally, all trans-heterozygote combinations, both bearing the deficiency and bearing the reference allele SdhA
1110
, had lethal phases in late embryogenesis and the first larval stage (see Table S1 in the supplementary material). These genetic observations demonstrate that all four alleles are strong reduction-of-function mutations.
The succinate dehydrogenase complex comprises four subunits, catalyzes the oxidation of succinate to fumarate, and transfers electrons into the electron transport chain (ETC) via ubiquinone (Fig. 1A) . This complex is not essential for respiration, as electrons can also enter the ETC via complex I and can be passed directly to
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Development 135 (15) (Yankovskaya et al., 2003) . This protein is highly conserved between flies and humans (Fig. 1B) . DNA sequence analysis revealed a single missense mutation in each of our SdhA alleles that caused a non-conservative change in an amino acid residue in SdhA (Fig. 1B) . These changes lie in both the FAD-binding 2 domain (SdhA
1110
, SdhA 1404 and SdhA
7
) and the C-terminal domain (SdhA 5 ). To determine how these mutations affect the activity of the succinate dehydrogenase complex, we measured enzymatic activity in situ (Pearse, 1972) . To directly compare the enzymatic functions of complex II in wild-type and mutant retinas, we generated mitotic clones by expressing the yeast FLP recombinase under the control of the eyeless promoter, and examined developing eye discs of third instar larvae homozygous for either a control chromosome (Fig. 1C) or SdhA 1110 ( Fig. 1D ). In wild-type eye discs, SDH activity was relatively low in retinal precursor cells, but increased rapidly in differentiating photoreceptor cells, and outlined developing ommatidial pre-clusters (Fig. 1C) . By contrast, the activity of SDH was strongly reduced in retinas homozygous for SdhA 1110 . Similar results were obtained with SdhA 1404 (data not shown), and had previously been described in other imaginal discs using SdhA 5 and SdhA 7 (Lawrence, 1981) . To confirm that this activity corresponded to the function of complex II, we added malonate, which competes with succinate at the catalytic site of the holoenzyme. The addition of this inhibitor strongly reduced the amount of activity detected, and eliminated all differences in staining intensity across the disc (Fig. 1E) . Thus, this assay captures qualitatively the activity of complex II, and confirms the genetic observations, indicating that SdhA 1110 and SdhA 1404 alleles are strong reduction-of-function alleles of SdhA.
SdhA mutant R cells form normal synaptic terminals, which progressively degenerate
Adult eyes in which all R cells are homozygous for SdhA mutations are outwardly indistinguishable from wild-type controls (data not shown). To examine the underlying neural structures, we first visualized R cell projections into the first optic ganglion, the lamina, using whole-eye clones (see Fig. S2 in the supplementary material). By late pupal development (72 hours after puparium formation, APF), R cells have formed a regular array of axon fascicles, termed cartridges, each comprising six photoreceptor axon terminals surrounding their post-synaptic targets, the lamina neurons (see Fig.  S1 in the supplementary material). At this stage, the terminals of control R cells, as well as those of R cells homozygous mutant for SdhA, expressed high levels of the synaptic vesicle component Cysteine String Protein 2A, as well as of the active zone marker Bruchpilot (Zinsmaier et al., 1994; Wagh et al., 2006) . In mutant, but not control, flies these structures degenerated progressively over the first 5 days after eclosion (Fig. 2; see Fig. S2 in the supplementary material). This phenotype was maintained when we generated SdhA clones by expressing FLP recombinase under the control of a different retina-specific promoter, ey 3.5 , was independent of which cell-lethal mutation was used to increase clone size, and was seen in all four SdhA alleles (data not shown). Thus R cells mutant for SdhA form normal synaptic terminals during development, as assessed using confocal microscopy, which degenerate later in the late pupal and adult fly.
To observe these changes more closely, we made small, negatively marked, SdhA mutant clones. In wild-type R cells on the day of eclosion, cartridge structure and the localization of synaptic 2671 RESEARCH ARTICLE A model of mitochondrial encephalopathy vesicles was highly regular (Fig. 3A,B ). This expression pattern was maintained for at least the first 5 days of adult life (Fig. 3E,F) . On the day of eclosion, R cell terminals mutant for SdhA appeared normal (Fig. 3C,D) . However, as we had observed in the whole-eye clones, by 5 days after eclosion, R cell terminals lacked almost all labeling of synaptic vesicles (Fig. 3G,H) . Thus, these small clones recapitulate the phenotype observed in large clones, albeit with a transient difference in phenotypic onset observed at eclosion, which is likely to be a result of increased perdurance.
Although the external eye was normal in SdhA mutants, photoreceptor cell bodies in the retina degenerated in parallel with their terminals. We first examined the morphology of developing R cells during mid-pupal development (44 hours APF). At this stage, each ommatidium contains its full complement of 8 R cells (reviewed by Meinertzhagen and Hansen, 1993) , and retinas homozygous for SdhA mutations were indistinguishable from controls ( Fig. 4A,D) . We next sectioned adult retinas on the day of eclosion, as well as 5 days later. In control flies, ommatidia form a regular array of facets composed of R cells and surrounding pigment cells, which can be easily visualized during the first 5 days of adulthood (Fig. 4B,C) . However, in SdhA mutant animals the retina was disrupted at eclosion: although apparently normal rhabdomes were still visible, R cell bodies were variable in size, and the array of ommatidia was disordered (Fig. 4E ). Five days after eclosion, this phenotype was more severe: many cell bodies were swollen, and many had lost their rhabdomes (Fig. 4F) . We conclude that mutant photoreceptor structures in the retina form normally and then progressively degenerate in the adult fly. Moreover, because SdhA mutant retinas were of normal morphology and pigmentation, it appears that this disruption affects R cells more severely than the non-neuronal pigment cells (which were also homozygous for SdhA).
To test whether these phenotypes specifically reflect late-stage degeneration, we systematically examined the early stages of photoreceptor differentiation and visual system development in animals in which photoreceptors were homozygous mutant for SdhA (see Fig. S3 in the supplementary material). In particular, during the third larval stage, we demonstrated that SdhA mutant R cells assembled into ommatidia normally, and expressed fateappropriate markers. Moreover, the targeting of SdhA mutant R cell axons to appropriate ganglia, the development of their target neurons in the lamina, and the recruitment of their associated glia all occurred normally. Finally, by injecting fluorescent dye into single ommatidia during mid-pupal development, we demonstrated that SdhA mutant R cells almost invariably chose the appropriate post-synaptic partners. Thus, loss of SdhA function in R cells causes little, if any, phenotype, until at least the very late stages of pupal development.
Mitochondrial density and morphology are aberrant in SdhA mutant R cell terminals We next examined whether functional deficits in complex II activity were associated with changes in mitochondrial localization within R cell terminals (Fig. 5) . To do this, we labeled mitochondria either by expressing mitochondrially localized GFP (mitoGFP) under the control of rhodopsin1 GAL4 (specific to R1-R6 cells), or by staining with an antibody directed against the alpha subunit of the
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Development 135 (15) mitochondrial ATP synthase, complex V. In control animals, mitochondria were enriched in R cell synaptic terminals during adulthood (Fig. 5B,C,J,K) . By comparison, in SdhA mutant R cells, the intensity of mitochondrial staining was reduced at eclosion (Fig.  5F,G) , and continued to decline such that, by 5 days after eclosion, there was little or no mitochondrial staining within photoreceptor terminals (Fig. 5N,O) .
As reduced mitochondrial staining could reflect either damage to mitochondria, or loss of mitochondria, or both, we extended our analysis to the ultrastructural level and examined SdhA mutant R cell terminals by electron microscopy. We first examined the lamina of wild-type and SdhA mutant somatic mosaic flies isolated on the day of eclosion. At this stage, staining of both mitochondrial markers was reduced, but not eliminated. In control animals at eclosion, cartridges comprising R cell axon terminals and their associated lamina neurons formed a highly regular array (data not shown). Within each cartridge, R cell axons were readily identified by their capitate projections, specialized contacts with neighboring glial cells (reviewed by Prokop and Meinertzhagen, 2006) . Moreover R cell terminals contained numerous mitochondrial profiles (Fig. 6A,AЈ ) (Stowers et al., 2002) . By contrast, in SdhA mutant animals, some R cell terminals lacked mitochondrial profiles (Fig. 6B,BЈ) , while others contained small, abnormal mitochondria (Fig. 6C,CЈ) . As a result, the mean ratio of the volume of mitochondrial profiles per R cell terminal volume in SdhA mutants was 0.121±0.018, compared with 0.224±0.015 in control flies (P<0.001; Fig. 6F ). We note that the average number of mitochondria per terminal did not change in SdhA mutants (data not shown). Furthermore, whereas mitochondria in wild-type terminals frequently displayed the characteristic invaginated cristae (Fig. 6A,D) , mitchondria in SdhA mutant R cell terminals were frequently abnormal in morphology, displaying irregular invaginations (Fig. 6C) . Characteristic of neural degeneration, we also observed multi-lamellar bodies (Fig. 6B) . Five days after eclosion, lamina neuropil containing wild-type R cell terminals retained their structure and organization (Fig. 6D,DЈ) , whereas those containing SdhA mutant R cell terminals had severely degenerated (Fig. 6E,EЈ) . Cells containing capitate projections were not observed, so R cell terminals could not be identified (Fig. 6E,EЈ) . Thus, these ultrastructural studies reveal that SdhA mutations cause defects in mitochondrial volume and structure consistent with our observations of reduced complex V staining in flies at the day of eclosion.
Cells mutant for SdhA are not depleted of ATP
We reasoned that disruption of the ETC in SdhA mutant R cells could impair oxidative phosphorylation sufficiently to cause ATP depletion, which might, in turn, lead to synapse loss and degeneration. To test this possibility, we measured ATP levels in control and mutant retinas using a biochemical assay, and observed no difference in the average amount of ATP per retina, both 0 days and 5 days after eclosion (Fig. 
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A model of mitochondrial encephalopathy 7A). To normalize for differences in the mass of retina isolated in each experimental sample, we measured the screening pigment absorbance in each specimen using a spectrophotometer, and then compared each measurement to a standard curve generated using known quantities of retina. We found no difference in absorbance between control and SdhA mutant retinas. This standard curve was corrected for non-specific absorbance by retinal tissue by subtracting the observed absorbance from that seen in the equivalent number of white mutant retinas. The amount of pigmentation in wild-type and SdhA mutant retinas was equivalent (see Fig. S4 in the supplementary material). By directly measuring the mass of isolated retinas, and by using a standard curve generated with known quantities of ATP, we then calculated that the cellular concentration of ATP was between 1.5 mM and 1.8 mM. As nearly a third of the mass of the retina is acellular [comprising the lenses of each ommatidium, and the vitreous humor (Franceschini and Kirschfeld, 1971) ], these values reflect a conservative estimate of the concentration of ATP within R cells. Thus, SdhA mutant retinas contain normal levels of ATP in the cell soma. These results are consistent with the fact that R cell differentiation and development in SdhA mutants was normal, as previous observations had demonstrated that mitochondrial mutations that significantly reduce ATP levels (by 40%) cause dramatic developmental defects (Mandal et al., 2005) .
To further test this hypothesis, we reasoned that if R cells were experiencing small reductions in ATP levels, undetectable by our biochemical assay, reducing the metabolic load of photoreceptors
Development 135 (15) should suppress their degeneration ( Fig. 2A,B, Fig. 7) . The metabolic activity of photoreceptors is directly regulated by light exposure: the difference between complete darkness and normal light exposure corresponds to a more than two-fold increase in ATP consumption (Niven et al., 2007) . As dark-rearing has no effect on the development of R cells and their synapses in wild-type flies (Fig.  7B,D,F,H) , we examined whether raising SdhA mutant animals in complete darkness could suppress photoreceptor degeneration. However, by comparison with flies raised under standard 12:12 light:dark conditions, dark-reared flies showed indistinguishable levels of synaptic degeneration in the brain (Fig. 7C,G) and damage in the retina (Fig. 7E,I ). Thus, we conclude that the degenerative phenotypes we observe in SdhA mutant animals do not result from ATP depletion.
Pharmacological and genetic antioxidant suppresses synapse loss
We next tested whether SdhA mutations cause R cell degeneration by increasing ROS production. Mitochondria are a significant cellular source of ROS, generated when electrons from the ETC interact with oxygen (Balaban et al., 2005) . Notably, impairment of the ETC increases ROS formation (Staniek and Nohl, 2000) . We reasoned that if ROS contributes to the degeneration we observe, prolonged treatment with the antioxidant alpha-tocopherol should suppress this phenotype. To test this, we grew control and SdhA mutant somatic mosaic flies on standard food supplemented with 200 μg/ml alpha-tocopherol. On the day of eclosion, flies were placed on newly treated food, and then examined 5 days later. Chronic treatment with alpha-tocopherol had no affect on the development of the lamina or retina in control flies (Fig. 8A ,F,K), and treatment with vehicle alone did not suppress the degeneration observed in SdhA mutants (Fig. 8B,G,L) . However, treatment with alpha-tocopherol strongly suppressed the loss of synaptic vesicles (Fig. 2B, Fig. 8C,D,H,I ), as well as the loss of mitochondrial staining and the disorder of the active zone (see Fig. S5 in the supplementary material), in SdhA 1110 and SdhA 1404 mutant R cells at 5 days after eclosion. Intriguingly, antioxidant treatment failed to suppress the swelling of photoreceptor cell bodies and the degeneration of rhabdomes ( Fig. 2A, Fig. 8M,N) .
To exclude the possibility that these protective effects of alphatocopherol might reflect a protective function of this molecule that is independent of its effect on ROS levels, we exploited a parallel genetic approach to reducing ROS. Superoxide dismutase (SOD) is a central component of the cellular defense against ROS, and acts by converting superoxide to less-reactive metabolites (McCord et al., 1969) . We therefore tested whether overexpression of SOD in R cells could suppress the degeneration we observed in SdhA mutants. To overexpress this enzyme specifically in the retina, we generated eye-specific mosaic flies mutant for SdhA, and used the yeast FLP/FRT system to induce eye-specific expression of CuZnSOD under the control of the actin promoter, using the Act5a FRT STOP FRT CuZnSOD flip-out transgene (Sun and Tower, 1999; Sun et al., 2002) . As in other control flies, overexpression of the SOD transgene in otherwise wild-type R cells did not disrupt R cell 2675 RESEARCH ARTICLE A model of mitochondrial encephalopathy morphology in the retina, or the lamina (data not shown). However, consistent with the notion that ROS are crucial mediators of synapse loss in SdhA mutant R cells, CuZnSOD overexpression dramatically increased the level of synaptic vesicle staining in many R cell terminals through 5 days after eclosion (Fig. 2B, Fig. 8E,J) . Consistent with the effect we observed when SdhA mutants were treated with antioxidants, this suppression was uncoupled from effects on the retina: CuZnSOD expression had no effect on retinal degeneration (Fig. 2A, Fig. 8O) .
We conclude that damage caused by increased production of ROS in R cells accounts for much of the synaptic degeneration we observed in SdhA mutants. Moreover, because both antioxidant treatment and CuZnSOD overexpression failed to rescue the degeneration of photoreceptor cell bodies, this degeneration must either be differentially sensitive to ROS damage compared with the synapse, or be caused by an independent mechanism. As mitochondrial complex II is not thought to be a significant source of cellular ROS, we infer that SdhA mutations likely cause increased ROS production indirectly, by affecting the activities of other complexes in the ETC. Finally, we also tested whether SdhA mutant R cells displayed an inappropriate activation of apoptotic pathways (see Fig. S6 in the supplementary material). However, we detected no significant increase in labeling with antibodies directed against activated Caspase 3, or TUNEL labeling in SdhA mutant R cells 5 days after eclosion. Moreover, expressing the cell-death suppressor Buffy specifically in SdhA mutant R1-R6 cells did not alter either the severity or the extent of the degeneration we observed. Lastly, we saw no change in the number of DAPI-labeled nuclei in the retina in SdhA mutants compared with controls 5 days after eclosion. These observations raise the possibility that SdhA mutant R cells are transcriptionally active as they degenerate, and demonstrate that not all structures in the cell body are affected equally.
SdhA mutant mitochondria act in the cell body to induce synaptic degeneration ROS are highly reactive, and hence act locally with respect to their site of production. We therefore sought to determine whether the synaptic degeneration observed in SdhA mutant R cells reflects damage caused by mitochondria located locally in the synaptic terminal, or could be caused by damage elsewhere in the cell. To distinguish between these alternatives, we excluded mitochondria from the synaptic terminal using the mitochondrial trafficking mutant Miro. When the mitochondrial trafficking pathway controlled by Miro is blocked, mitochondria remain restricted to the cell body beginning in the early stages of R cell axonal differentiation and never enter the brain; during adulthood mitochondria in these mutants are at least 20 μm from the terminal (Stowers et al., 2002; Gorska-Andrzejak et al., 2003) . We reasoned that if SdhA mutant mitochondria acted locally to damage the synaptic terminal, preventing mitochondria from entering the terminal should suppress degeneration. If, however, damage induced by mitochondria elsewhere in the cell is sufficient to cause degeneration, then preventing entry should have no effect. Using markers for R cell terminal morphology and synapse formation, we first determined that Miro mutant R cell terminals were indistinguishable from controls at eclosion, and did not degenerate like SdhA mutant photoreceptors (Fig. 9A-C Mitochondria are normally found in both cell bodies and axons. Thus, in SdhA mutants, excess ROS could be produced in both compartments. However, transport of mitochondria from cell bodies to axons is dependent upon Miro. To test whether synapse loss was induced by ROS locally in the terminal, we blocked axonal transport of SdhA mutant mitochondria using mutations in Miro, thereby restricting ROS production to the cell body. Retinas in control flies were made homozygous for two FRT chromosomes using two cell-lethal mutations. SdhA and Miro single homozygote retinas were also heterozygous for Miro and SdhA, respectively. Scale bar: 20 μm.
for the normal formation of synapses at the neuromuscular junction (Guo et al., 2005) , our results are consistent with previous studies that demonstrated that synapse-associated mitochondria are not required for synapse development in R cells (Stowers et al., 2002) . However, R cells doubly homozygous for mutations in SdhA and Miro displayed a degeneration phenotype indistinguishable from that seen in SdhA single mutant cells (Fig. 2B, Fig. 9D,H,L) . Thus, removal of abnormal mitochondria from the terminal is not sufficient to prevent degeneration, demonstrating that ROS-induced damage in the cell body can cause the synapse loss we observe in SdhA mutants. Moreover, these experiments demonstrate blocking mitochondrial trafficking into the synaptic terminal is not sufficient to cause synapse degeneration, and thus the ROS produced in SdhA mutant photoreceptors cannot simply block mitochondrial transport.
DISCUSSION
These studies shed light on the molecular mechanisms that underlie neurodegeneration associated with mitochondrial dysfunction, and provide a genetic model of Leigh Syndrome. We demonstrate that disruption of the ETC through mutations in the flavoprotein subunit of succinate dehydrogenase cause synapse loss. This degeneration is not caused by ATP depletion, but is rather induced by the production of ROS by impaired mitochondria. Moreover, ROSmediated damage to the cell body is sufficient to cause degeneration of the synaptic terminal in the brain. We propose that alterations in ETC function activate at least two independent pathways, one leading to increased ROS production and synapse loss, and the other being crucial to degeneration of the cell body.
A fly model of Leigh Syndrome
Our work describes the first animal model of Leigh Syndrome that recapitulates the neurodegenerative changes seen in human patients. Leigh Syndrome is caused by inherited mutations in proteins crucial to electron transport, including mutations in SDH subunits (Bourgeron et al., 1995; Horvath et al., 2006) . Children born with such mutations appear normal during the first months of life, but then show signs of psychomotor delay and regression prior to death. These deficits are associated with widespread degeneration in many sub-cortical structures (Leigh, 1951) . Notably, optic atrophy is also frequently observed (Birch-Machin et al., 2000; Leigh, 1951) . In many respects, our findings in the fly parallel this time course: R cells mutant for SdhA develop completely normally, adopt the correct cell fates, innervate the appropriate synaptic partners, and assemble synapses normally. However, beginning around the time of eclosion, R cells degenerate, progressively losing expression of synaptic markers, and undergoing extensive morphological changes. Thus, our model captures many elements of the human disease.
Genetic analysis of the succinate dehydrogenase complex
Mutations in other SDH subunits have been described in worms and in flies. The complex is composed of four subunits: the flavoprotein subunit (SdhA) and an iron-sulfur subunit (SdhB) that together make up the catalytic core of the holoenzyme; and two membrane-bound subunits (SdhC and SdhD), which anchor the complex to the inner mitochondrial membrane and transfer electrons to ubiquinone (Ackrell et al., 1990) . Mutations in SdhB in Drosophila (Walker et al., 2006) , and in SdhC (mev-1) in C. elegans (Ishii et al., 1998) , shorten life span in a high oxygen environment. In the fly, this sensitivity to hyperoxia manifests as morphological abnormalities in the mitochondria of flight muscles, and behavioral deficits in geotaxis (Walker et al., 2006) . In worms, mutations in SdhC increase ROS production under normal oxygen tension (Senoo-Matsuda et al., 2001) . These previous findings are consistent with our results in that they link deficits in mitochondrial complex II activity to the production of excess ROS. However, unlike our mutations in SdhA, neither of these mutations are homozygous lethal, suggesting that they cause comparatively weaker effects on the activity of the complex. Moreover, in neither case was gene function examined in the context of degenerative changes in specific neurons. Finally, the degenerative phenotypes we observed are distinct from those associated with blocking mitochondrial protein translation (Chihara et al., 2007) . That is, although SdhA mutant R cells display degeneration of axons, specifically blocking mitochondrial translation in olfactory projection neurons causes only degeneration of dendrites.
What are the targets of ROS?
Given the causal role for ROS in neurodegeneration, identifying the cellular site of action of ROS represents a crucial challenge. One model is that the primary effect of excessive ROS production is to cause damage to mitochondria, forming a positive-feedback loop in which ROS-induced damage further enhances ROS production (reviewed by Lin and Beal, 2006) . Indeed, in our system, the damage we observed to synaptic mitochondria in SdhA mutant R cells is ROS dependent, as it can be blocked by antioxidant treatment. However, damage to mitochondria may not be the direct cause of synapse loss, because synaptic degeneration could be suppressed by overexpression of CuZnSOD, a form of SOD that is thought to act primarily in the cytoplasm (O'Brien et al., 2004) . That is, although damage to mitochondria is clearly an important aspect of the cellular degeneration we see, excess ROS appears to directly alter the activities of one or more cytosolic components to cause synapse loss. Our observations also demonstrate that degenerative changes in the cell body can be uncoupled from those in the synaptic terminal, as overexpression of CuZnSOD, or addition of an exogenous antioxidant, suppressed the SdhA mutant phenotype in the brain without mitigating the retinal phenotype. This differential sensitivity could reflect quantitative differences in the ability of one structure to withstand damage more than another, or could reflect qualitative differences in the specific cellular targets affected by ROS. One possibility, then, is that mitochondrial dysfunction activates two molecularly distinct pathways, one that is mediated by excess ROS and causes synapse loss, and one that is mediated by as-yet-unknown components that leads to the degeneration of components of the cell body. Finally, our demonstration that removal of SdhA mutant mitochondria from the synaptic terminal is not sufficient to prevent synaptic degeneration suggests that the critical cellular targets of ROS that affect synapse structure are in the cell body, not the terminal.
A common mechanism of neurodegeneration?
The mechanisms we describe here are likely to underlie important aspects of other neurodegenerative disease pathologies. In particular, alterations in mitochondrial complex II activity have also been linked to Huntington's disease (HD) (reviewed by Walker, 2007) . A specific decrease in the expression of two SDH subunits, SDHA and SDHB, occurs in striatal neurons of Huntington's patients, and ectopic expression of mutant Huntingtin causes a similar decrease in neuronal cultures (Benchoua et al., 2006) . Moreover, overexpression of these SDH subunits suppresses the cell death induced by mutant Huntingtin protein both in cultured striatal neurons, and in yeast (Benchoua et al., 2006; Solans et al., 2006) . In this yeast model of HD, reductions in SDH activity are also associated with increased ROS production (Solans et al., 2006) . Finally, chronic administration of 3-nitropropionic acid, an inhibitor of SDH, to rodents and primates recapitulates many of the neurological deficits seen in HD patients (Palfi et al., 1996; Guyot et al., 1997; Brouillet et al., 1998) . As our studies demonstrate that mutations in SdhA are sufficient to cause neurodegeneration through increased ROS production, we speculate that, in striatal neurons, this constitutes one of the central mechanisms underlying neurodegeneration seen in HD. More broadly, our studies are consistent with the notion that the excessive production of ROS that has been detected in other neurodegenerative diseases, such as Parkinson's disease and ALS, might provide a sufficient explanation for at least some of the neurodegenerative changes seen in these disorders.
